Experiments on a high-power Nd:YAG rod laser with an output power up to 97 W for the next generation of interferometric gravitational wave detectors will be presented. Furthermore, the highest injection-locked single-frequency output power of 87 W in a linearly polarized, diffraction-limited beam was demonstrated.
Introduction
In order to increase the sensitivity of interferometric gravitational wave detectors several 100 kW of laser power have to circulate in the cavity arms. Therefore, interferometer arms with additional internal high finesse Fabry-Perot cavities will be used. Also a laser input source with nearly 200 W of output power in a high beam quality and a stable single-frequency operation is needed [1, 2] . We present first results of an injection-locked high-power ring-laser and a power scaling concept.
In the presence of the thermo-optical effects in high power lasers it is a challenge to combine high power with excellent beam quality. In all different Nd:YAG laser concepts such as rod, slab or disc lasers thermal gradients within the laser material cause thermally induced birefringence which leads to depolarization. Therefore, the linearly polarized output power of a single rod system is limited to a maximum of 45 W [3, 4] . On the other hand, a new technique, a double rod concept combined with a 90
• quartz rotator, has come up, which makes it possible to compensate the thermally induced birefringence in rod lasers [5] . This is an advantage of rod systems compared to other designs as the cylindrical symmetry of rod lasers allows an almost complete compensation of the birefringence. Other advantages are the approved robustness and reliability of rod lasers and the possibility of efficient fibre coupled end-pumping which accomplishes improved beam quality and easy maintenance. 
Laser concept
For a good beam quality at high output power an end-pumped laser system with low doped (0.1 at%), composite, Nd:YAG laser rods (total crystal length 54 mm, diameter 3 mm) was developed (figure 1). Maximum temperature and surface stresses on the rod ends are greatly reduced by attaching 7 mm long undoped regions on both ends of the rod. Furthermore, a double pass of the pump light was realized by a highly reflective coating at the end facet of the crystal for smoothing the longitudinal temperature distribution. Assuming an optical efficiency of 25% nearly 200 W of pump power has to be absorbed in each rod. With typically available dopand concentrations in 0.1 at% steps the smoothed temperature distribution is achieved within this configuration. In figure 2 the maximum temperature on the rod-axis from a double-pass 0.1 at% doped and a single-pass 0.2 at% doped crystal is compared (analytical solution [6] ). It can be seen that the maximum temperature difference across the rod-axis is 24 K for the 0.1 at% and 117 K for the 0.2 at% doped rod. Each laser rod was pumped with 10 fibre-coupled laser diodes (core diameter 600 µm, NA 0.22) each able to deliver up to 30 W pump power (JOLD-30-CPXF-1L) but being operated at a reduced output power (20 W) for increased diode lifetime. In case of the different centrewavelength from each diode a temperature tuning is needed to get a good spectral overlap of the ten diodes. Therefore, the temperature of each laser diode is controlled by a digital PID controller with an accuracy of 0.05 K. This leads to a reduced bandwidth (FWHM 2.5 nm), thus resulting in good spectral overlap with the absorption spectra of Nd:YAG, so that an effective absorption coefficient of 0.33 cm −1 at a central wavelength of 807 nm is obtained. A three-lens telescope focused the pump power into the laser rod. This arrangement allows pump spot sizes of 1.5-0.7 mm in radius, and for a more uniform transverse temperature distribution a pump spot size of nearly 1.2 mm was chosen for the proof of concept.
Experimental results

Birefringence compensation
The thermal gradients in laser rods are causing different refractive index changes in radial and tangential polarization directions resulting in birefringence and therefore in depolarization and bifocusing. The birefringence can be compensated with two identically pumped rods and a 90
• quartz rotator in between [5] . With this combination the thermal induced optical path length differences caused by the first laser rod can be compensated in the second one and vice versa only by interchanging the radial and tangential polarizations as light propagates from one rod to the other. To achieve the most efficient birefringence compensation the planes of maximum thermal gradients are imaged onto each other. The employed relay-optic promised, according to our calculations, the best compensation compared to a single lens and a nonimaging setup. The results show least depolarization of 0.1%, 0.3% and 2.1% for relay-optic, single lens and non-imaging, respectively. The efficiency of the birefringence compensation was verified experimentally in a standing wave resonator (see figure 3) . The setup consisted of two identical laser heads with the pump setup described above. A plane 45
• mirror being highly reflective for 1064 nm and highly transmittive for the 807 nm was used to separate the laser radiation and the pump light. Two identical convex lenses (f = 100 mm) constituted the relay-optic for the birefringence compensation provided by the 90
• quartz rotator (QR). The resonator is completed by a highly reflective end mirror on one end and a 20% output coupler on the other end. The Brewster plate is needed to obtain linearly polarized radiation.
The first experiments were performed in non-polarized operation without the Brewster plate and up to 97 W of non-polarized laser radiation was achieved (figure 4). The depolarization only occurs in linearly polarized operation. To achieve linear polarization a Brewster plate was placed inside the resonator. polarized output power, nearly the same output power as in non-polarized operation was attained. The results show that an effective birefringence compensation in laser rods was obtained.
Fundamental mode operation
For gravitational wave detection a clean Gaussian beam is needed to reduce power losses in the high finesse Fabry-Perot cavities. Therefore, the chosen design has to be optimized for a stable fundamental mode operation. With a pump power of 200 W per rod and an optimized resonator, a TEM 00 output power of 97 W was achieved. Measurements of the laser beatsignals with a fast photo-diode and an electrical spectrum-analyser show the fundamental mode operation of the system. The beam propagation factor M 2 was 1.25 and the depolarization loss was effectively reduced below 0.5%.
Injection locking
In order to achieve single-frequency operation, the double head design of figure 3 was used in a ring resonator configuration, as shown in figure 5 . Pound-Drever-Hall injection locking technique [7] was applied to transfer the stable frequency properties of a master laser, based on a non-planar ring oscillator (NPRO, Mephisto 2000; Innolight) and an intermediate 12 W ring oscillator (based on the GEO 600 design [8] ), to the high power slave laser. This triple stage design with the intermediate 12 W stage increased the locking range by a factor of 3. With the setup shown a stable linearly polarized, single-frequency and nearly diffractionlimited beam with 87 W output power, an optical-to-optical efficiency of 23% and a M 2 = 1.1 was demonstrated. This is, to the best of our knowledge, the highest injection locked output power of a solid state laser system. Fast and stable locking electronics allow us to achieve a stable single-frequency operation. The 'auto-lock' feature of the locking electronics applies a sawtooth voltage to the piezo when the lasers are in non-locked condition, thus changing the cavity length. If the frequency of the master and the first slave (slave 1) laser coincide, the slave laser operates in an unidirectional instead of a bidirectional mode, so that the photo-diodes (PD1) detect a doubling of the laser output power. The resultant increase of the photo-diode output current triggers the servo for the Pound-Drever-Hall stabilization, locking the cavity length of the slave 1 to the master. If the first two systems (master and slave 1) run in a stable lock, the second lock to the high power laser (slave 2) starts similarly. Typically the 're-lock' of the complete system takes less than 500 ms.
Pumplight homogenization
In end-pumped laser systems there are different ways to optimize the laser performance. First of all, end-pumped designs allow optimization of the overlap of the pump light distribution and the laser's fundamental mode, leading to a higher efficiency and a better mode control. To realize this, a homogeneous and reliable pump-light distribution has to be achieved. In order to avoid that every individual fibre output can be observed in the fluorescence (see figure 6(a) ), a pump light homogenizer was developed. This was done by using a 3 mm in diameter fused-silica rod which is connected to the fibre ends. Figure 6 shows the fluorescence distribution with and without the homogenizer. In figure 6 (b) it can be seen that a homogeneous distribution is achieved. The second advantage of the homogenizer is the reliability since it is possible to compensate diode laser degradation or failure by increasing the output power of the residual operating pump diodes while the effective pump light distributions remain unchanged. Additionally, this concept allows an online maintenance or diode laser change also during laser operation, which is an essential feature to avoid laser downtimes in gravitational wave detectors.
The laser performance with and without the homogenizer was investigated in a simple standing-wave resonator (figure 7). The graph shows that with the homogenization, the laser output power can be increased by nearly 30%. This results from a better gain overlap and less reduced wave front distortions resulting from aberrations. With increasing pump power the mode size increases and the resonator gets unstable. Therefore the higher order modes are suppressed due to high losses. In this case the output power is controlled by the gain distribution at the centre of the rod. Figure 7 shows that with the homogenizer the output power can be increased at the same pump level due to the more uniform gain distribution.
Conclusion
We presented a high power Nd:YAG rod laser design as a laser source for gravitational wave detection. It was proved that rod lasers can be scaled to the 100 W range with excellent beam qualities. We achieved 97 W in a fundamental mode and nearly diffraction limited beam. Furthermore, a stable single frequency operation with 87 W of output power was demonstrated. These results show that scaling rod lasers to high fundamental mode output power is feasible.
Outlook
To scale the presented system to the 200 W level the standing wave resonator shown in figure 3 will be changed into a rectangular ring resonator cavity with four laser heads inside. The advantage of this scaling concept is that the thermal effects are well known and will not be changed with the modification using four instead of only two laser heads. Second, we do not expect new thermal effects from the components because the circulating power does not increase by changing from a two-head standing wave to a four-head ring resonator configuration. Hence, this scaling concept and our first experiments let us expect an output power close to the 200 W level.
